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Abstract 
In combustion devices involving direct injection of low-volatility liquid fuels (e.g., bio-oils from pyrolysis process), 
transient heating and vaporization of fuel droplets is a controlling factor in ignition and combustion of the fuel vapor / 
air mixture. As a result, some experimental and numerical efforts have been made on this topic. In this paper, a 
comprehensive 3D model that addresses the internal flow circulation, heat and mass transfer within a moving droplet 
has been successfully developed. The model is calibrated by analytical solutions for simplified cases and validated by 
experimental results available in literature. The model not only reliably produces all the details that help to achieve an 
in-depth understanding of the underlying physical processes and to derive simplified models for liquid fuel droplet 
heating and evaporation, but also can be readily reformulated for modeling of conversion of solid fuel particles. 
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1. Introduction 
Heating and evaporation of droplets have been experimentally and numerically studied for decades 
because of their importance in liquid fuel spray combustion and combustor design and optimization [1-6]. 
There are several groups of models for droplet heating and evaporation, from infinite conductivity-based, 
finite conductivity-based, and effective conductivity-based models to complicated models addressing the 
internal circulation, heat and mass transfer within moving droplets [2, 5]. 
The ultimate target of this study is to better understand the physical processes of highly viscous, multi-
component pyrolysis bio-oils in a spray combustor and derive knowledge on the ‘optimum’ composition 
of a refined bio-oil to achieve good evaporation and combustion performance under a certain combustion 
condition and/or on the ‘optimum’ firing condition for a specific pyrolysis bio-oil. In this paper, a general, 
3D model for heating and evaporation of moving droplets is developed and presented. Efforts are made to 
verify and validate the model, so it can be reliably used or extended for various applications later. 
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2. Model for Heating and Evaporation of Single Moving Droplet 
Due to the complexity of the subject, a complete, clear description of the model and the results can 
only be given in an extended version of this paper. Here only the flowchart of the model is presented in 
Fig. 1, highlighting the three major sub-models: (i) gas phase sub-model, (ii) liquid phase sub-model, and 
(iii) droplet dynamics and size sub-model. Some verification results of the model are also presented. 
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Fig. 1. Flowchart of the advanced model 
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Fig. 2. Sketch of a control volume in a spherical droplet 
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Fig. 3. Model verification using simplified cases 
The gas phase sub-model mainly involves the calculation of the mass vaporization rate from the 
droplet surface and the heat penetrating into the droplet via external convection from the gas phase. The 
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liquid phase sub-model handles the momentum, heat and mass transfer within the droplet. The spherical 
droplet is discretized into NR×Nθ×Nφ control volumes or cells along radial, polar and azimuthal direction, 
respectively. Figure 2 shows a control volume within a spherical droplet, in which its control surfaces and 
the positive direction of the spherical coordinate are indicated. The momentum, energy and species 
transport equations are numerically solved on each cell using the finite volume method. Compared to the 
solid fuel conversion model addressing intra-particle temperature gradient and reactions [7, 8] and the 
clay particle calcination model solving a complete set of transport equations within a clay particle [9], the 
modelling framework is extended from 1D in the previous studies to 3D in this paper. The droplet 
dynamics and size sub-model is to update the velocity, position and radius of the droplet at the new time. 
When the saturated vapour pressure at the droplet surface equals to the ambient gas pressure, all the 
heat transferred from the gas to the droplet will be used to evaporate the droplet (i.e., no heat penetrated 
into the droplet) and the droplet temperature will be frozen at the level at the previous time step. 
3. Results and Discussion 
3.1. Verification of the model with analytical solution of simplified cases 
By setting both the vaporization rate and droplet surface velocity to zero and setting a constant external 
heat transfer coefficient of 150 W/(m2∙K) in the gas phase sub-model, the heating and evaporation model 
is equivalent to a model for predicting heat conduction within in a stagnant, non-evaporating droplet 
which is suddenly exposed to a hot ambient flow with a constant convective heat transfer coefficient. For 
such a simplified case, if the Biot number Bi≤0.1, the lumped system analysis is applicable: the droplet is 
always under an isothermal condition and the droplet temperature can be calculated analytically. 
Figure 3 plots the droplet surface and center temperature, Ts and Tc, predicted by the model, together 
with the analytical solution of a lumped system. Figure 3(a) is based on the realistic liquid properties, in 
which both the internal conduction resistance and the external convection resistance play an important 
role in the droplet heating process (Bi>0.1). As a result, there is significant temperature gradient within 
the droplet, especially at the beginning. As the heating process continues, the gradient eventually fades 
away and the entire droplet tends to attain an isothermal condition, whose temperature also coincides with 
the analytical solution. In Fig. 3(b), the liquid conductivity is artificially increased by three orders of 
magnitude to a value of 150 W/(m∙K), resulting in Bi≤0.1, i.e., negligible conduction resistance within the 
droplet. In this case, the droplet is expected to be always under isothermal condition and the temperature 
is always same as the analytical solution. All these are perfectly reproduced by the model. 
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Fig. 4. Model validation against experimental data in literature: (left) at pressure 0.1 MPa; (right) at pressure 1 MPa 
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3.2. Validation of the model with experimental results in literature 
Evaporation of a single n-heptane droplet at pressures in the range of 0.1-5.0 MPa and temperatures 
varying from 400 to 800 K were studied experimentally under microgravity conditions [10]. The initial 
droplet was at room temperature and the initial droplet radius was 0.3-0.4 mm. Figure 4 shows the 
comparison between the experimentally observed plots of 20)/( dd RR  vs. time and the model predictions, 
from which a good agreement is observed. 
4. Conclusions 
A general, 3D model for droplet heating/evaporation, addressing the flow, heat and mass transfer 
within droplets, is successfully developed, verified and validated. The computer code developed can be 
readily extended to model heating, evaporation and combustion of multi-component pyrolysis bio-oil 
droplets, as well as thermal conversion processes of solid fuel particles or a packed bed of fuel particles. 
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